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Abstract
The design, modelling, fabrication and characterization of a nonlinear bistable electromagnetic vibrational energy harvesting
device are presented in this work. In order to keep the device dimensions relatively small while aiming for low operational 
frequency, a folded cantilever structure is realized using low Young’s modulus FR4 material. A pair of repulsively oriented 
NdFeB permanent magnets is used to introduce bistability into the system. An analytical model of the device was developed and
numerically simulated and validated with experimental results. At an acceleration of 0.5g (35 Hz frequency) the device generated 
peak power of :DFURVVDQRSWLPXPUHVLVWLYHORDGRI.ȍ7KHRSHUDWLRQDOIUHTXHQF\UDQJHRIWKHQRQOLQHDUELVWDEOHGHYLFH
was increased by up to 5 Hz (15% of the peak power frequency) at 0.5g acceleration with respect to the linear counterpart.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of Eurosensors 2014.
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1. Introduction
In near future the proliferation of wireless sensor nodes (WSNs) and portable/ wearable electronic devices are 
expected to herald a new era with the development of ‘internet of things’ and ‘smart cities’. However, the finite 
lifetime of batteries, which have traditionally been used to power the WSNs, inhibit their deployment in remote and 
inaccessible areas due to costly battery replacement procedures. As significant technological breakthrough in the 
field of microelectronics have reduced the power consumption of individual sensors to only a few microwatts, 
ambient vibration presents a viable solution for powering such WSNs. Although the topic of harvesting vibration to 
generate electricity has been extensively investigated for the last few years [1-4], some of the key challenges, such 
as, achieving wider operational bandwidth in random vibration scenario, are yet to overcome. In order to achieve
these goals, some researchers have proposed controlled introduction of nonlinearity into the resonant systems [5-7]. 
In particular, nonlinear bistable mechanical systems are an attractive solution which offer wider bandwidth and 
higher power output in low frequency random vibrations compared to equivalent linear resonant oscillator based 
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systems. In this paper we discuss the design, modeling, fabrication and experimental validation of a an FR-based 
bistable electromagnetic vibrational energy harvester.
2. Device design and fabrication 
The device consisting of FR4 material, Neodymium (NdFeB) magnets and copper wire-wound coil is shown in 
Fig. 1(a). A folded beam structure was carved out by CNC machining of low Young’s modulus FR4 sheet (300 μm 
thick). Four sintered NdFeB magnets (4mm × 2mm × 1mm) are bonded to the FR4 cantilever on both sides of a slot. 
A copper wire-wound coil (2500 turns, 11 μH inductance, and 770 ohm resistance) is placed in the slot within the 
magnets. A fifth NdFeB magnet (4mm × 1mm × 1mm) is bonded at the end of the cantilever, with its north pole 
facing the outward direction. Another magnet (4mm × 2mm × 1mm) is placed in front of the cantilever in such a 
way that it exerts repulsive force on the magnet at the end of the cantilever. This magnetic repulsive force, which can 
be controlled by adjusting the gap between the magnets, introduces nonlinearity into the system.
Fig.1: (a) Fabricated electromagnetic bistable vibration energy harvesting device, (b) Schematic diagram of the equivalent spring-mass-damper 
system with repulsively positioned magnets, (c) Variation of potential energy [V(z)] with gap distances between repulsively positioned magnets.
3. Analytical modeling and numerical simulation
The device can be modelled as a spring-mass-damper system combined with a bistable potential well created by 
the force of magnetic repulsion. The equivalent mass of the system, linear spring constant and mechanical damping 
coefficient is denoted by m, k and D respectively [Figure 1(b)]. The distance between the centers of the repulsively 
positioned magnets is denoted by d. A periodic external force F due to external vibration is applied in the vertical 
direction. The resulting displacement of the mass m from initial equilibrium position is denoted by z(t) and the 
distance between the centers of the repulsive magnets become r. It is assumed that the repulsive magnets remain 
anti-parallel at all times. The magnetic potential energy in this situation is given by,
(1)
where μ0 is the permeability of air and m1, m2 are the magnetic dipole moments due to the repulsively oriented 
magnets, and C is a constant pre-factor. The dynamical equation of the system can be represented as follows,
(2)
At sufficiently small gap distances (d) The total mechanical potential energy and restoring force, as given by Eq. (3), 
represent a bistable nonlinear dynamical system with a potential barrier at initial equilibrium (z = 0) and two
potential wells on either sides of the barrier [Fig. 1(c)].
(3)
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Total damping coefficient D is a combination of mechanical damping DP and electromagnetic damping DEM. The 
load power harvested across a load resistance (RLoad) is given by,
(4)
where RCoil is the resistance of the copper coil. The one dimensional analytical model was numerically simulated and 
the results were validated against experiments.
4. Experimental results and discussions
The device was characterized for different excitation conditions using a vibration test set up consisting of a 
computer controlled shaker with accelerometer feedback. The voltage waveform generated by the device was 
observed in a digital storage oscilloscope (Fig. 2D7KHRSWLPXPORDG UHVLVWDQFHZDV IRXQG WREHNȍDFURVV
which the device generated a peak optimum power of 22 μW and peak load voltage of 150 mV at an acceleration of 
0.5g (Fig. 2(b)). The effect of reducing the distance d between the repulsive magnets (i.e. increasing nonlinearity) 
Fig.2: (a) Experimental test set up, (b) Variation of load power and load voltage with varying resistive load
was observed at an acceleration of 0.2g, while the frequency was swept in upward and downward directions. At 
large gap distances (d = 10 mm) the resulting power-frequency response shows linear resonant behavior [Fig. 3]. As 
d is gradually decreased to 5 mm, the repulsive force between the magnets increased, creating a bistable system with 
two shallow potential wells on either sides of the initial equilibrium. Also, increased magnetic repulsion force causes 
a drop in the effective spring constant which is evident form the gradual shift of the linearized resonance frequency 
Fig.3: (a) Simulated and (b) Experimental frequency sweep responses for different gap distances between repulsively arranged magnets
towards lower frequency values. The frequency response represents hysteretic behavior in a region bounded by two
saddle node points (jump frequencies) in forward and reverse frequency sweeps. While in up sweep the response
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trace a high energy branch (peak PLoad 8 μW) and wider bandwidth (~5 Hz), during down sweep it follow a low 
energy orbit. As the gap is reduced further (d = 4.5 mm), the potential barrier between the wells become even 
higher, and the oscillator get confined within a single potential well, performing small amplitude oscillation and 
producing small amount of power. This phenomenon of confinement is also indicated in the voltage vs. position 
Fig.4: (a) Voltage vs. position plots at a = 0.2g, (b) Variation of Q-factor with gap between repulsive magnets
plots [Fig. 4(a)] taken near the jump frequencies in up sweep. The loops on both sides of the voltage-position plot 
for d = 5 mm occur due to the fact that at large amplitude vibration, the magnet assembly travels beyond the range 
of influence of the coil, abruptly reverting the flux linkage gradient. The Q-factor of the device was determined by 
observing the decay in open circuit voltage signal after abruptly stopping the shaker near the peak power frequency. 
As the gap distance (d) was decreased in steps, the Q-factor was found to decrease from about 90 ~ 95 (d = 11.5 
mm, 8.5 mm) to the range of 60 ~ 70 (d = 5 mm, 4.5 mm) [Fig. 4(b)]. The lower Q factors at closer gaps between 
the magnets are indicative of certain dissipative loss mechanisms (e.g. twisting etc.), which might be activated due 
to larger repulsive force on the cantilever at smaller distances between the oppositely oriented magnets.
5. Conclusions
This work demonstrates the capability of FR4 based nonlinear bistable electromagnetic harvesters to generate 
adequate power from low frequency vibrations over a wider frequency range compared to linear devices. A tunable 
bistable mechanism was incorporated in the system by repulsively positioning a pair of magnets at the free end of an
FR4-based folded cantilever oscillator. At a properly adjusted gap distance between the magnets, this bistable 
nonlinearity widens the operational bandwidth of the system by up to 5 Hz at 0.5g acceleration with respect to the 
linear counterpart, while generating almost similar level of power (~22μW). Optimization of the device structure 
and magnet-coil assembly could further enhance the output power and operational frequency range of the device.
Acknowledgements
This work is financially supported by Science Foundation Ireland (SFI) Principal Investigator (PI) project on 
‘Vibrational Energy Harvesting’ grant no. SFI-11/PI/1201.
References
[1] C William et al, Analysis of a micro-electric generator for microsystems, Sensors and Actuators A, 52(1-3), p.p. 8-11 (1996)
[2] P Glynne-Jones et al, An electromagnetic vibration-powered generator for intelligent sensor systems, Sensors and Actuators A 110 (2004)
[3] S Kulkarni et al, Vibration based electromagnetic micropower generator on silicon, Journ. of Appl. Phys, 99, 08P511, 2006.
[4] S P Beeby et al, A micro electromagnetic generator for vibration energy harvesting, J. of Micromech. & Microengg. 17 (2007) 1257–1265
[5] F. Cottone et al, Nonlinear energy harvesting, PRL 102, 080601 (2009).
[6] A Erturk et al, A piezo-magneto-elastic structure for broadband vibration energy harvesting, APL 94 (254102) (2009) 1-3
[7] M. Ferrari et al, Improved Energy Harvesting from Wideband Vibrations by Nonlinear Piezoelectric Converters, Sens. & Acts. A, 162 (2010).
